Abstract To gain insight on mitochondrial DNA (mtDNA) evolution, we assembled and analyzed the mitochondrial genomes of Drosophila erecta, D. ananassae, D. persimilis, D. willistoni, D. mojavensis, D. virilis and D. grimshawi together with the sequenced mtDNAs of the melanogaster subgroup. Genomic comparisons across the well-defined Drosophila phylogeny impart power for detecting conserved mtDNA regions that maintain metabolic function and regions that evolve uniquely on lineages. Evolutionary rate varies across intergenic regions of the mtDNA. Rapidly evolving intergenic regions harbor the majority of mitochondrial indel divergence. In contrast, patterns of nearly perfect conservation within intergenic regions reveal a refined set of nucleotides underlying the binding of transcription termination factors. Sequencing of 5 0 cDNA ends indicates that cytochrome C oxidase I (CoI) has a novel (T/C)CG start codon and that perfectly conserved regions upstream of two NADH dehydrogenase (ND) genes are transcribed and likely extend these protein sequences. Substitutions at synonymous sites in the Drosophila mitochondrial proteomes reflect a mutation process that is biased toward A and T nucleotides and differs between mtDNA strands. Differences in codon usage bias across genes reveal that weak selection at silent sites may offset the mutation bias. The mutation-selection balance at synonymous sites has also diverged between the Drosophila and Sophophora lineages. Rates of evolution are highly heterogeneous across the mitochondrial proteome, with ND accumulating many more amino acid substitutions than CO. These oxidative phosphorylation complex-specific rates of evolution vary across lineages and may reflect physiological and ecological change across the Drosophila phylogeny.
Introduction
Animal mitochondrial DNA (mtDNA) has maintained its critical role in aerobic metabolism across long evolutionary timescales in the context of dramatic change in the nuclear genome and in organismal physiology and ecology (Boore 1999; Saccone et al. 1999) . The preservation of mitochondrial function, gene content and regulatory elements occurs despite a high mutation rate (Brown et al. 1982; Moriyama and Powell 1997) , reduced effective population size (N e ), and little or no recombination that makes the mtDNA particularly prone to mutation accumulation (Muller 1964; Felsenstein 1974; Lynch 1996; Neiman and Taylor 2009) . While molecular evolution and population genetic data suggest that the mtDNA does not evolve neutrally (reviewed in Meiklejohn et al. 2007) , the unique genetics of the mitochondrion and its intimate interaction with the nuclear genome and the cytoplasm provide a challenge for determining the balance of selective pressures shaping the evolution of this small, but complex, genome.
Mutation accumulation experiments reveal that greater than 95% of Drosophila melanogaster mutations in mitochondrial protein-coding genes are non-synonymous (Haag-Liautard et al. 2008) . However, the ratio of nonsynonymous to synonymous differences between the mtDNA of two strains of D. melanogaster is only 10:36 and across the D. melanogaster subgroup is approximately 1:5 (Ballard 2000) . This indicates a strong role for purifying selection in removing the majority of mutations that arise in the Drosophila mtDNA and is consistent with patterns of excess non-synonymous polymorphism relative to divergence in Drosophila and humans (Ballard and Kreitman 1994; Nachman 1998; Rand and Kann 1998 ). Yet, some of these slightly deleterious mutations do fix between species (e.g. Popadin et al. 2007 ) and more so in the mtDNA than in the nuclear genome (Lynch 1996) . Theoretical models suggest that the bottleneck experienced by the mitochondrial genome during oogenesis increases the probability of fixation of these deleterious mutations but may also save the mitochondria from a ''mutational meltdown'' (Gabriel et al. 1993) by increasing the variance in mitochondrial fitness among the progeny of an individual and enhancing the efficacy of selection (Bergstrom and Pritchard 1998) .
Other patterns suggest that positive selection shapes mtDNA evolution. Nucleotide diversity in mtDNA does not scale with population size across animal taxa as predicted under a mutation-drift equilibrium (Bazin et al. 2006) . In species with large N e , recurrent selective sweeps can erode the expected increase in polymorphism in larger populations via an increased rate of appearance and fixation of beneficial mutations (Gillespie 2000) . However, this process of ''genetic draft'' is also predicted to increase the fixation rate of slightly deleterious mutations (Gillespie 2000) . This may be particularly relevant for Drosophila mitochondrial genomes, if the mtDNA both harbors large amounts of slightly deleterious mutations and experiences repeated selective sweeps due to a large N e .
The scope for positive and negative selection to shape mtDNA evolution will depend upon the distribution of functional effects of mitochondrial mutations. Understanding the main effects of mitochondrial mutations is complicated by the fact that oxidative phosphorylation (OXPHOS) complexes are jointly encoded by the mitochondrial and nuclear genomes, establishing a potential co-evolutionary dynamic between the genes encoded in each genome that interact to enable aerobic metabolism. Evidence is accumulating that mtDNA haplotypes and nuclear-mtDNA interactions within species affect a variety of metabolic performance and life history traits (Rand et al. 2001; James and Ballard 2003; Ballard et al. 2007; Ellison and Burton 2008a, b) . Mutations in mitochondrial-encoded OXPHOS genes are also linked to tRNA and rRNA genes encoded on the mtDNA that interact with nuclear-encoded mitochondrial proteins involved in transcription and translation. Inter-molecular coadaptation of these gene products may be important to maintain proper mitochondrial gene expression (Ellison and Burton 2008b) , and intra-molecular coadaptation is important to maintain secondary structure and function of RNAs (Innan and Stephan 2001; Kern and Kondrashov 2004) , providing a broad target for selection. Linkage to the cytoplasm also influences mitochondrial genome evolution. Cytoplasmic sweeps like those caused by cytoplasmic incompatibility-causing intracellular bacteria (e.g. Wolbachia) can increase the substitution rate and decrease diversity in mitochondrial genomes independent of the functional effects of mitochondrial mutations (Hoffmann and Turelli 1997; Shoemaker et al. 2004) .
Here, we report the assembly of the D. erecta, D. ananassae, D. persimilis, D. willistoni, D. mojavensis, D. virilis and D. grimshawi mitochondrial genomes from shotgun sequences generated by the Drosophila 12 Genomes Consortium (2007) and the comparative analyses of these genomes with the previously sequenced mtDNAs of the melanogaster subgroup (Clary and Wolstenholme 1985; Garesse 1988; Ballard 2000) . Mitochondrial genomic comparisons across the Drosophila phylogeny highlight novel aspects of positive, negative and weak selection, and allow annotation of conserved regions that maintain metabolic function. Combining this comparative approach with empirical 5 0 RACE data resolves previous uncertainty in the functional annotation of the Drosophila mtDNA. Evolutionary analysis of mitochondrial genomes across a phylogeny for which we also have complete nuclear genome sequence provides a foundation for understanding the relationships between molecular, biochemical and physiological divergence in a premier model system.
Materials and Methods
Mitochondrial Genome Assembly, Alignment and Annotation mtDNA sequences were obtained using mega BLAST (Altschul et al. 1990 ) to query the D. erecta, D. ananassae, D. persimilis, D. pseudoobscura, D. willistoni, D. mojavensis, D. virilis and D. grimshawi trace archive databases generated by the Drosophila 12 Genomes Consortium (2007) with a complete D. melanogaster mtDNA sequence. Sequences were trimmed to remove vector and low-quality sequence and assembled in Sequencher v4.5. Assemblies do not include the mtDNA control region, which is A?Trich, highly repetitive and divergent in sequence and length in Drosophila (Lewis et al. 1994) . All assembled genomes contain polymorphic sites. Strains used for whole genome shotgun sequencing were inbred, but polymorphisms may persist despite inbreeding as mitochondrial haplotypes segregating either among or within sequenced individuals (heteroplasmy).
The overabundance of mitochondrial relative to nuclear DNA in a cell generated a high degree of coverage for the mtDNA (Table 1) and enabled straightforward assembly of a single large contig for D. erecta, D. ananassae, D. mojavensis and D. grimshawi. We manually sequenced a portion of the srRNA that was missing from the D. ananassae and D. grimshawi assemblies. The assemblies of D. persimilis, D. willistoni and D. virilis consisted of several large, non-overlapping contigs. We aligned these contigs to the complete mtDNAs and manually sequenced the remaining gaps. All assemblies were checked by hand. The high coverage suggests that the assemblies are not influenced by fragments of mtDNA that have transposed into the nuclear genome (NUMTs), which make up less than 1 kb of the D. melanogaster nuclear genome (Richly and Leister 2004) . Manual sequencing of the srRNA from D. erecta, D. ananassae, D. persimilis, D. willistoni, D. mojavensis and D. virilis revealed no discrepancies with the assembled genomes.
We were not able to assemble contigs of significant length for D. pseudoobscura. The DNA used to sequence the D. pseudoobscura genome was prepared from purified embryonic nuclei (Richards et al. 2005) , preventing the overrepresentation of mtDNA that we observed for the other species. D. persimilis and D. pseudoobscura share mtDNA haplotypes due to repeated introgressions where these species are sympatric (Powell 1983; Machado and Hey 2003) , and we use the D. persimilis mtDNA as representative of this lineage.
For comparative analyses we included the following mtDNA lineages within the melanogaster subgroup (Ballard 2000) : D. melanogaster, D. simulans siII, D. sechellia, D. mauritiana maII and D. yakuba (Table 1) . We aligned these genomes with the seven newly assembled mitochondrial genomes using ClustalX (Thompson et al. 1997) . Less than 1.5% of the mitochondrial sequences contain noncoding DNA and the frequency of indels is low, making the alignment of these genomes straightforward. Alignments were checked by hand and the few, highly variable intergenic regions were left unaligned. We annotated the genomes based on the D. melanogaster and D. yakuba mtDNA annotations along with the data reported below from rapid amplification of 5 0 cDNA ends (5 0 RACE). To sequence gaps in the mtDNA assemblies, we PCRamplified and sequenced genomic DNA extracted from pools of flies using a standard phenol:chloroform extraction. Additionally, we amplified and sequenced a fragment of the mitochondrial srRNA from D. erecta, D. ananassae, D. persimilis, D. willistoni, D. mojavensis and D. virilis that we compared to the assembled mitochondrial genomes to check the quality of our assemblies. Annotation of the aligned genomes revealed ambiguities in the start codon positions for CoI, ND1 and ND5. To determine the 5 0 sequence of the mature transcripts for these genes we amplified the nucleic acid sequence at the 5 0 -end of CoI, ND1 and ND5 mature mRNA using 5 0 RACE (Invitrogen 18374-058.) All primer sequences are available online as Supplemental Material.
Comparative Genomic and Molecular Evolutionary Analyses
Sequence statistics and pairwise distances were calculated in MEGA 3.1 (Kumar et al. 2004) , and sliding window analyses were performed using DnaSP 4.10 (Rozas and Rozas 1999) . Phylogenetic relationships were inferred from a General Time Reversible model (Tavare 1986 ) with gamma distributed rate variation among sites and a proportion of invariant sites in Mr. Bayes 3.1 (Huelsenbeck and Ronquist 2001; Ronquist and Huelsenbeck 2003) . For each data set we ran four Markov chains, sampling for 19,000 iterations after an initial burn-in of 1000 iterations, which was sufficient for convergence. Polarized substitutions at synonymous sites were mapped onto the phylogeny using MacClade (Maddison and Maddison 2000) as in Rand and Kann (1998) and Ballard (2000) . Codon-based models of divergence across the phylogeny (Goldman and Yang 1994; Yang and Nielsen 1998) were fit in PAML 3.14 (Yang 1997 ). Tajima's relative rate tests (RRT) (Tajima 1993) were performed in MEGA 3.1 and used D. grimshawi and D. willistoni as outgroup species for D. mojavensis-D. virilis and D. persimilis-D. ananassae comparisons, respectively. RRTs for ND were calculated using 2nd codon positions, but the small number of changes in CO genes required combining 1st and 2nd codon positions for CO RRTs. Cytochrome B and the ATPase genes contain only 377 and 274 codons, respectively, while Ballard (2000) ND and CO are encoded by 2054 and 999 codons, respectively. Because of the low number of changes observed in the small number of codons in Cytochrome B and the ATPases, we limited the analysis of codon bias and lineage-specific rate variation to the larger ND and CO gene complexes. We determined the secondary structures for the majority of the 22 mitochondrial tRNAs using MFOLD (Zuker 2003) and tRNAscan (Lowe and Eddy 1997) . The remaining structures were resolved by anchoring the tRNA at the anticodon and then identifying sequence regions that could form stems. To describe the process of compensatory mutation in tRNAs, we inferred the ancestral state of each tRNA at each node in the phylogeny using the baseml program in PAML 3.14. The Drosophila mtDNA encodes genes on both the major and minor strands. Analyses of protein-encoding and RNA genes were performed using the coding strand sequence.
Results

Genome Organization and Re-Annotation
Our assemblies reveal a high conservation of overall sequence length (Table 1 ) and no rearrangements in gene order ( Fig. 1) (Schneider and Stephens 1990 ) generated by WebLogo (Crooks et al. 2004 ). e The ATPase6 and CoIII gene junction contains a putative secondary structure that may signal splicing of the mRNA (indicated by an arrow) but is not conserved across the phylogeny. All sequences are 5 0 to 3 0 on their coding strand. Minor strand, top; major strand, bottom studies of the melanogaster subgroup mtDNAs (Garesse 1988; Ballard 2000) , our analyses across the 12 species phylogeny have uncovered several novel features of the Drosophila mtDNA. Drosophila CoI does not contain a canonical in-frame start codon. It has been suggested that an out of frame ATA followed by the splicing of the subsequent A initiates translation in D. melanogaster and D. yakuba (de Bruijn 1983; Clary and Wolstenholme 1985) . However, we find that the sequence ATAA is not conserved within the melanogaster subgroup nor is it present outside of the subgroup (Fig. 2) . Sequencing the 5 0 end of the mature CoI mRNA from D. melanogaster, D. simulans, D. erecta, D. mojavensis and D. virilis reveals that the start codon is downstream of the ATAA sequence in the melanogaster subgroup and is likely a novel (T/ C)CG start codon that is in frame with a highly conserved nucleotide and amino acid sequence (Fig. 2) . This confirms suspicions based on comparative sequence analysis in Anopheles gambiae that TCG was the ''only remaining possibility'' for the COI initiation codon (Beard et al. 1993) . We find that the 12 Drosophila mtDNAs employ five different start codons and that the majority of genes have experienced substitutions in their start and/or stop codons across the phylogeny, with many genes also using incomplete stop codons ( Fig. 1 , Supplemental Table 1 ). Many invertebrate mtDNA employ a variety of start codons and incomplete stops (e.g. Boore and Brown 1994; Yamauchi et al. 2004; Breton et al. 2006) . The tolerance of divergence in start and stop codons may reflect the nature of translation in a transcriptome that contains no characterized regulatory UTRs.
Two regions upstream of ND1 and ND5 that were previously annotated as noncoding DNA are nearly perfectly conserved across the Drosophila mitochondrial genomes (Fig. 3b) . Both regions contain potential in-frame start codons that would extend the ND1 and ND5 proteins by three and five amino acids, respectively. Sequencing of the 5 0 end of the mature ND1 and ND5 mRNAs in D. melanogaster, D. erecta and D. mojavensis confirmed that both regions are included in the mature transcripts (Fig. 3b) . The putative start codon for ND1 is TTG and for ND5 is GTG or ATG. Both TTG and GTG function as start codons in nematodes, mytilids and the black chiton Katharina tunicata (Boore and Brown 1994; Breton et al. 2006) . The presence of in-frame start codons and the high degree of sequence conservation (only two putative synonymous substitutions) in these transcribed regions suggest that the amino acid sequences of these two proteins are longer than previously annotated. This result confirms previous suggestions that ND5 could start with GTG in D. yakuba (Clary and Wolstenholme 1985) and A. gambiae (Beard et al. 1993) , given the relatively large distance between ND5 and the nearest tRNA.
mtDNA Nucleotide Composition and Pairwise Divergence
The Drosophila mtDNAs are A?T-rich, with third codon positions containing a remarkable 90.6 to 94.6% A?T (Table 1) . The average pairwise Tamura-Nei distance (Tamura and Nei 1993) for the entire mtDNA is 0.123 changes per site (Table 2 ). Pairwise nucleotide distances the subgenus Drosophila. The phylogenetic relationships among these species groups are well resolved (Remsen and O'Grady 2002) . However, the times separating speciation events in the melanogaster subgroup are short enough to allow for lineage sorting (Pamilo and Nei 1988) , and different nuclear gene trees support different branching order between D. yakuba, D. erecta and the D. melanogaster-D. simulans-D. sechellia-D. mauritiana species clade (Ko et al. 2003; Pollard et al. 2006; Wong et al. 2007 ). Bayesian estimation of the Drosophila mtDNA phylogeny strongly supports D. yakuba and D. erecta as sister taxa relative to D. melanogaster when either the entire mtDNA (n = 15236 base pairs) or the complete set of protein-encoding genes (n = 11112 bp) was used to estimate the tree topology. In each case a single topology ( Fig. 5a ) was estimated with each node having a posterior probability of one. This topology is consistent with the phylogenetic relationships inferred from smaller mtDNA sequence sets (Nigro et al. 1991; Kopp and True 2002; Lewis et al. 2005) and with the consensus from many nuclear loci (Ko et al. 2003; Pollard et al. 2006; Drosophila 12 Genomes Consortium 2007; Wong et al. 2007 ).
Intergenic and Regulatory DNA Evolution
Junctions between genes in the Drosophila mtDNAs contain less than 1.5% of the mitochondrial nucleotides but harbor the majority of the indel divergence (excluding the A?T-rich control region). Functional constraint varies greatly across intergenic regions, with some regions nearly perfectly conserved in both length and sequence and other regions unalignable due to expansion of repetitive tracks of As and Ts (Fig. 3a, d , e). The junction between ATPase6 and CoIII contains no nucleotides in the melanogaster species group but ranges in length from 6 to 52 nucleotides in the remaining genomes (Fig. 3e ). Clary and Wolstenholme (1985) suggested that a stem-loop configuration at this junction provides the splicing signal in D. yakuba. The expansion of this intergenic region in Drosophila species outside of the melanogaster subgroup suggests alternative mechanisms exist to ensure proper processing of the CoIII transcript. Splicing at the putative position at the base of the stem (Fig. 3e) would disrupt the reading frame or incorporate extra amino acids without additional posttranscriptional processing due to the presence of potential start codons in the intergenic region upstream of CoIII. Two noncoding regions that bound gene clusters encoded on opposite strands of the mtDNA contain binding sites for the nuclear-encoded D. melanogaster transcription termination factor dmTTF that arrests progression of the mitochondrial polymerase (Roberti et al. 2003) . While these two regions are more conserved than other highly variable non-coding regions, they still harbor a considerable amount of nucleotide and indel divergence (Fig. 3d) . The entire intergenic region was shown to functionally bind dmTTF in D. melanogaster (Roberti et al. 2003) . We find three motifs, AAMTT, ACTAA and AATTCA, that are shared by both intergenic regions and are nearly invariant across the 12 species (Fig. 3d) , suggesting that these nucleotides are functionally conserved for binding dmTTF. Animal mitochondrial rRNA genes are clustered and flanked by a tridecamer transcription terminator signal (TGGCAGA-----G) that is often embedded within the tRNA Leu gene (Valverde et al. 1994) . We find that the Drosophila tridecamer rRNA transcription termination signal is embedded in the tRNA Leu(CUN) gene flanking the rRNA gene cluster and is perfectly conserved across the 12 Drosophila mtDNAs (Fig. 3c) . We also identified an identical and similarly conserved 13 bp rRNA termination signal within the tRNA Leu(UUR) gene (Fig. 6a, b) .
tRNA Evolution
We quantified the evolution of each tRNA using both the average pairwise divergence across the 12 mtDNAs and the number of changes on the phylogeny estimated by inferring ancestral tRNA sequences at each node. Both measures revealed rate heterogeneity across the 22 tRNAs (Table 3) , with tRNA Asn having the largest and tRNA Ser(AGN) the smallest number of inferred changes on the phylogeny (Fig. 6c, d ). The fact that tRNA Ser(AGN) is the most conserved tRNA in the Drosophila mtDNA is interesting, given its anomalous tRNA structure that is conserved in other insect mitochondrial genomes (e.g. Beard et al. 1993; Yamauchi et al. 2004 ) and its relatively low usage compared to tRNA Ser(UCN) which is used over twice as often to encode serine in the Drosophila mitochondrial genomes. Neither measure of tRNA evolutionary rate was correlated with the usage of the amino acid associated with each tRNA (pairwise divergence r = -0.013, P = 0.95; inferred changes r = -0.184, P = 0.41), nor was evolutionary rate correlated with position along the coding strand (pairwise divergence r = -0.111, P = 0.62; inferred changes r = -0.002, P = 0.99).
Over 90% of inferred changes in tRNAs maintain Watson-Crick pairing (Table 3) . We inferred 36 occurrences where both nucleotides of a Watson-Crick pair changed on a single branch in the phylogeny. In each case 
Leu(UUR) figure online) pairing was maintained. Due to G-U pairing in RNA, it is possible for the transition between nucleotide states at Watson-Crick pairs to avoid a non-pairing intermediate. For example, the transition from G-C to A-U can occur in the order G-C to G-U to A-U or through the non-pairing A-C intermediate (Fig. 6c) . When both nucleotides at a Watson-Crick pair have changed on the same lineage, we cannot infer which intermediate path was taken. If we assume, conservatively, that any pair of changes that could have transitioned through a G-U intermediate did so, and if we consider only compensation at the level of WatsonCrick pairing, we infer that 7 of the 36 pairs of changes must have transitioned through a non-pairing state (Fig. 6c,  Table 3 ). Thus, 19% of the inferred changes at WatsonCrick pairs in the Drosophila mitochondrial tRNAs potentially traversed a fitness trough with the subsequent substitution of a compensatory mutation.
Evolution at Synonymous Sites in the mtDNA
The mitochondrial genome encodes genes on the major and minor strands in a non-overlapping fashion, with all of the protein-coding genes on the minor strand encoding components of the ND complex. Using both a six species (D. Fig. 6c) melanogaster, D. simulans, D. sechellia, D. mauritiana, D. yakuba, D. erecta) and the complete 12 species mitochondrial phylogeny we inferred the frequency of all unambiguous polarized substitutions at synonymous sites for genes encoded on the major and minor strands (Table 4) . There is a highly biased pattern of transitions at synonymous sites that differs between genes encoded on the two strands. Across the 12 species phylogeny the ratio of A $ G to C $ T transitions is 0.40 on the major strand but 2.76 on the minor strand. This difference cannot be explained simply by differences in the abundance of A?G or C?T at third positions on the two strands, as weighting the substitution frequencies by the nucleotide frequencies does not remove the strand-bias (Table 4 ). There are many more A to G than G to A and T to C than C to T substitutions on both strands of the mtDNA. However, when nucleotide frequencies are accounted for, the reciprocal substitution rates between nucleotides are similar (Table 4) . We calculated codon usage bias as the relative synonymous codon usage (RSCU) across all 12 Drosophila mitochondrial genomes, for ND genes encoded on the two strands and for concatenated CO and ND gene sequences (Supplemental Table 2 ). A?T content at third positions exceeds 90% and codon usage is highly biased toward an A-or T-ending (A/T-ending) codon for every codon family across all 12 species (Supplemental Table 2 ). Because each codon family employs a single tRNA, the first position of the anticodon is always a wobble position that will only be a perfect match to one of the two possible codons for a twofold redundant codon family and to one of the four possible codons for a four-fold redundant codon family. The prevalence of G/C-beginning anticodons among the Drosophila tRNA genes combined with a mutation pressure towards A/ T-ending codons results in only 7 of the 22 tRNA codon families having usage bias for the codon providing a perfect match to the tRNA anticodon (Supplemental Table 2 ).
Codon usage bias is greater in the Sophophora species than in the Drosophila species when measured either as a lower effective number of codons (ENC, Table 1 ; t 10 = 7.47, P \ 0.0001) or as greater RSCU for A/T-ending codons (Supplemental Table 2 ; paired t 21 = 4.84, P \ 0.0001). Consistent with an overall greater codon usage bias toward A/T-ending codons, the Sophophora species proteomes have significantly greater A?T content at third positions than do the Drosophila species proteomes (Table 1 ; Soph-Dros = 2.4%, t 10 = 6.52, P \ 0.0001).
There are 7 two-fold redundant codon families that end in a C/T and in each case the C-ending codon is the perfect match to the anticodon. When RSCU is averaged across all 12 genomes, we find that the ND genes encoded on the minor strand more often use the T-ending mismatch codon than do ND genes encoded on the major strand (diff. RSCU(--T) major -minor = -0.22, paired t 6 = 3.1, P = 0.021) (Supplemental Table 2 ). Similarly, for A/G-ending two-fold redundant codon families, ND genes on the minor strand more often than ND genes on the major strand use the Gending codon, which is the perfect match to the anticodon for only 1/3 of these codon families (diff. RSCU(--A) majorminor = 0.123, paired t 5 = 3.61, P = 0.015) (Supplemental Table 2 ). With the exception of tRNA Ser(AGN) , all fourfold redundant codon families in the Drosophila mtDNA are decoded by a tRNA that is a perfect match to the A-ending codon. Again, ND genes on the minor strand more often use the mismatch T-ending codon relative to ND genes on the major strand (diff. RSCU(--T) major -minor = -0.834, paired t 7 = 9.17, P \ 0.0001) (Supplemental Table 2 ). The strand-biased use of the mismatch codon results in the ND genes on the major strand using the perfect match anticodon more often than ND genes on the minor strand (diff. RSCU(match) major -minor = 0.37, paired t 21 = 4.08, P = 0.0005) (Supplemental Table 2 ). Despite the strong strand biases in both substitution pattern and codon usage bias, there are differences in codon usage between CO and ND genes that are independent of coding strand. There are ten synonymous codon families where a G/C-ending codon is the perfect match to the tRNA anticodon, at odds with the mutation and codon usage bias toward A/T-ending codons. RSCU for the A/Tending mismatch codon is similar for ND genes on the major and minor strands (diff. RSCU(--A/T) majorminor = -0.133, paired t 9 = 1.83, P = 0.1). However, when compared to CO genes, ND genes more often use the A/T-ending mismatch codon (diff. RSCU(--A/T) CO -ND = -0.160, paired t 9 = 4.87, P = 0.0009). The increased use of the G/C-ending match codon by CO genes is also reflected in the overall lower third codon position A?T content in CO relative to ND genes across the 12 mtDNA (diff. A?T% CO -ND = -1.6%, paired t 11 = 5.81, P \ 0.0001).
Divergence Across the Mitochondrial Proteome
Average pairwise divergence rates (Li 1993; Pamilo and Bianchi 1993) (Fig. 4b, Table 2 ). Average pairwise d S is relatively similar across the four OXPHOS complexes when compared to d N , which varies three-fold across OXPHOS complexes and results in OXPHOS complex-specific rates of d N /d S (Fig. 4b, Table 2 ). A sliding window of divergence rates across the concatenated mitochondrial proteome reveals that variation in d N and d N /d S across the Drosophila proteome is highly OXPHOS complex-specific (Fig. 7a) . Three distinct peaks of d N and d N /d S correspond exclusively to ND genes in comparisons between D. melanogaster and the increasingly divergent mtDNAs of D. yakuba, D. persimilis, and D. mojavensis (Fig. 7a) .
Rapid evolution at silent sites in the mtDNA is problematic for estimating d N /d S , and codon-based models of molecular evolution may better estimate this rate (Goldman and Yang 1994; Yang and Nielsen 1998) . We fit codonbased models in PAML (Yang 1997) with either a single value of x = d N /d S (model 0) or with three site classes each with a different x value (model 3) across the melanogaster species group phylogeny (Table 5 ) using the phylogenetic relationships in Fig. 5 . Codon-based estimates of d N /d S across the phylogeny were up to an order of magnitude lower than the Pamilo-Bianchi-Li pairwise divergence rates, suggesting that the codon-based models better account for the rapid evolution at silent sites. To test for rate heterogeneity among OXPHOS complexes, we compared the likelihood of the proteome data under model 0 to the sum of the likelihoods from model 0 fit to each of the four concatenated OXPHOS complex data sets (Parsch et al. 2001) . Allowing a distinct d N /d S for each complex provides a significantly better fit to the mitochondrial proteome data than fitting a single rate (v 3 2 = 818, (Fig. 7) . The difference in evolutionary rate between ND and CO is striking and persists across all 12 mitochondrial proteomes, with ND having four times the non-synonymous tree length as CO (Fig. 5 , Table 5 ).
Lineage-Specific Rates of Proteome Evolution
While the ND complex evolves faster than the CO complex across the entire Drosophila phylogeny, there is also lineage-specific rate variation within both complexes (Fig. 5a ). Models estimating a distinct x on each lineage were a better fit to the ND and CO data across the melanogaster species group (Table 5) . Across the 12 species phylogeny, the D. mojavensis ND genes have accumulated approximately twice as many non-synonymous substitutions as D. virilis (Tajima's RRT, v 1 2 = 15.5, P \ 0.0001), while these two species have a similar substitution rate in CO genes (RRT, v 1 2 = 0.53, P = 0.466) (Fig. 5) . The D.
persimilis mtDNA has accumulated the greatest amount of divergence in CO genes and twice as much as D. ananassae (RRT, v 1 2 = 7.41, P = 0.006), while these two species have accumulated a similar amount of divergence in ND genes (RRT, v 1 2 = 0.02, P = 0.893) (Fig. 5 ).
Discussion
The overarching evolutionary process acting on the animal mitochondrial genome is selection to maintain critical function that, in insects, enables a highly efficient aerobic metabolism that fuels energetically demanding behaviors such as flight and a high reproductive effort. Across the 12 Drosophila mitochondrial genomes we observe a strong signature of this process in highly conserved regulatory motifs, in the maintenance of tRNA secondary structure and in the low d N /d S values for genes encoding OXPHOS proteins. Yet we find that, in addition to negative selection against non-synonymous change, there is scope for weak selection and positive selection in the mitochondrial genome that varies across functional domains and lineages. Orchestrating Transcription of a Highly Streamlined Genome Drosophila mtDNA are transcribed as polycistronic messages that are cleaved to produce the mature mRNA products (Berthier et al. 1986 ). As animal mtDNAs generally contain no introns and little room for regulatory information, the signals orchestrating this complex suite of transcription and post-transcriptional processing likely lie in the junctions between genes. These signals arise from transcription termination factor binding sites (Valverde et al. 1994; Roberti et al. 2003) or from the secondary structure of coding sequences between genes (Ojala et al. 1981; Clary and Wolstenholme 1985) . Patterns of conservation and divergence in noncoding mtDNA across the 12 Drosophila species provide information on the regulatory capacity of intergenic nucleotides. Many of the intergenic regions of the Drosophila mtDNA are rapidly evolving and reflect the high mutation pressure exerted on Drosophila mtDNA. However, other intergenic regions contain islands of conservation that imply regulatory function. Two intergenic regions of the D. melanogaster mtDNA bind the transcription termination factor dmTTF (Valverde et al. 1994; Roberti et al. 2003) and comparisons across the 12 Drosophila mtDNAs revealed that these two intergenic regions share three sequence domains that are conserved across all 12 species. Outside of these three domains, 20 of the 21 remaining intergenic nucleotide sites have experienced at least one change on the phylogeny. This pattern of high conservation in an otherwise rapidly evolving intergenic region suggests that these sites are necessary for binding dmTTF and ensuring proper transcriptional regulation of the polycistronic messages encoded on the two strands of the Drosophila mtDNA.
The junction between ATPase6 and CoIII is highly conserved within the melanogaster subgroup and contains no intergenic nucleotides. A putative stem-loop structure at this junction is hypothesized to underlie splicing of these two transcripts (Clary and Wolstenholme 1985) . Outside of the melanogaster subgroup, this intergenic region varies greatly in length and contains out-of-frame start codons. This provides an example of the mutational vulnerability of noncoding regions that is posited to underlie the streamlining of animal mtDNA (Lynch et al. 2006 ) and suggests either that this stem-loop structure does not underlie splicing of these gene transcripts or that other Drosophila species have acquired additional mechanisms for proper splicing of the downstream CoIII transcript.
Despite the polycistronic nature of transcription in the mtDNA, Drosophila mitochondrial genes within the same polycistronic message are differentially expressed (Berthier et al. 1986 ). Across animal mtDNA, a highly conserved tridecamer transcription terminator signal sequence located immediately downstream of the rRNA cluster is thought to ensure the proper accumulation of rRNA in excess of other mitochondrial transcripts (Valverde et al. 1994) . The signal sequence resides in the Drosophila tRNA Leu(CUN) gene immediately adjacent to the rRNA genes and is perfectly conserved across the 12 Drosophila genomes. Surprisingly, we found an identical and equally conserved signal sequence in the Drosophila tRNA Leu(UUR) gene. In contrast, the human and mouse rRNA termination signal is found only in the tRNA Leu(UUR) gene that abuts the rRNA cluster.
Comparing the mitochondrial tRNA genes of the cockroach Periplaneta fuliginosa, the dragonfly Orthetrum triangulara melania, the mosquito Anopheles gambiae and the flour beetle Tribolium casteneum (Beard et al. 1993; Friedrich and Muqim 2003; Yamauchi et al. 2004 ) revealed that both tRNA
Leu genes within each of these insect mtDNAs also contain the conserved transcription termination consensus sequence, TGGCAGA--AGTG. Strikingly, the tridecamer sequence is more conserved between paralogous tRNA
Leu genes within each of these genomes than between orthologous tRNA Leu genes. The perfectly conserved sequence spans the D-loop of both tRNA Leu genes, suggesting conserved function of this signal sequence, as the D-loops of 18 of the remaining 20 mitochondrial tRNAs have accumulated multiple substitutions across the Drosophila phylogeny.
The tRNA Leu(UUR) gene lies between CoI and CoII in the Drosophila mitochondrial genome (Fig. 1) . Relative transcript abundance is higher for CO genes than for other OXPHOS complexes in D. melanogaster, but CoI mRNA does not accumulate to greater levels than CO genes downstream of the tRNA Leu(UUR) transcriptional termination signal (Berthier et al. 1986 ). In contrast, the rRNA gene transcripts are seven times as abundant as transcripts of genes located downstream of the termination signal in the tRNA Leu(CUN) gene (Berthier et al. 1986 ). This suggests that the signal sequence in the tRNA Leu(UUR) gene is not serving as a transcriptional termination signal downstream of CoI. However, the maintenance of this sequence in multiple tRNA
Leu genes, independent of location relative to the rRNA cluster, suggests an unknown functional capacity of this signal sequence in insect mtDNA.
Strand-Specific Mutation-Selection Balance at Synonymous Sites
Genes on the two strands of the mtDNA experience different patterns of substitution at silent sites. We find both a biased pattern of substitution in and a difference in synonymous codon usage by the genes encoded on the two strands. Consistent with previous observations in smaller Drosophila datasets (Rand and Kann 1998; Ballard 2000) , across the 12 species phylogeny there are more than twice as many C $ T as A $ G transitions on the major strand, while there are nearly three times as many A $ G as C $ T transitions on the minor strand. Strand-specific substitution patterns could reflect both a bias in the mutation process (e.g. Reyes et al. 1998 ) and/or a difference in the process of weak selection acting on mutations at silent sites on the two strands. These processes are difficult to distinguish, as a true mutation bias on the two strands could generate strand-specific patterns of codon usage bias in the absence of weak selection on silent sites. Additionally, all genes on the minor strand encode components of the same OXPHOS-complex, ND, making it challenging to know whether ND-specific functional constraint is shaping strandspecific substitution patterns or whether strand-specific mutation bias is driving codon usage bias in ND genes.
Having the depth of information from all 12 genomes imparts power to detect differential patterns of codon usage bias between genes encoded on the two strands, between genes encoding different OXPHOS complexes and between species subgroups. Codon usage bias in nuclear genomes is thought to be maintained by a balance of selection increasing codon bias and mutation-drift eroding codon bias (Li 1987; Bulmer 1991; Akashi 1997 Akashi , 2001 ). The nuclear genome employs multiple tRNAs to translate each codon family, and selection for translational efficiency and/or accuracy is hypothesized to explain the observation that the most highly used codon matches the most abundant tRNA (e.g. Ikemura 1985; Duret 2000) . Mitochondrial genomes encode a single tRNA gene to decode each codon family. Assuming that there is no import of compatible nuclear tRNAs into the mitochondrion, this eliminates the selective pressure for codon preference to match tRNA abundance. Nevertheless, codon usage bias in animal mtDNA is widespread (e.g. Herbeck and Novembre 2003) .
A strong mutation bias toward A?T (Martin 1995; Haag-Liautard et al. 2008) dominates codon usage bias in the Drosophila mtDNA. Yet, the codon that matches the anticodon of the majority of Drosophila mitochondrial tRNAs contains a G/C nucleotide at the third position. If there is selection for codon preference to match the tRNA anticodon (Bulmer 1991; Xia 2005) , then the mutation process leading to high A?T content is moving the Drosophila mitochondrial proteome away from its ideal genetic code. This suggests a different mutation-selection balance than that of the nuclear genome. In the Drosophila mtDNA, mutation pressure generates a codon usage bias toward A/T-ending codons that would oppose weak selection for codon-anticodon matching.
Codon usage bias differs in genes encoded on the two strands of the Drosophila mtDNA. When compared to the ND genes on the major strand, ND genes encoded on the minor strand more often use T-ending codons that mismatch the anticodon for all two-fold redundant codon families ending in C/T and more often use the G-ending codon that mismatches the anticodon for 4 of the 6 twofold redundant codon families ending in A/G. This is consistent with the overabundance of T to C substitutions on the major strand and A to G substitutions observed on the minor strand. Because this difference is manifest between genes of similar function but encoded on different strands, this suggests that a biased mutation process rather than weak selection on silent sites underlies this pattern of codon usage and substitution bias on the two strands. In this scenario, mutation pressure causes higher usage of codons that mismatch the anticodon in ND genes encoded on the minor strand.
However, other patterns of codon usage are not consistent with a simple strand-biased mutation scenario. The majority of four-fold redundant codon families are decoded by a tRNA that matches the A-ending codon. ND genes on the minor strand more often use the mismatch T-ending codon, while ND genes on the major strand more often employ the matching A-ending codon. However, the frequency of A $ T substitutions is similar on both strands across the 12 mitochondrial genomes (major strand 0.482; minor strand 0.459). There are also patterns of codon usage between CO and ND genes that differ independent of strand. For codon families that are decoded by a tRNA that matches G/C-ending codons, CO genes more often use a matching codon than do ND genes, while ND genes on the two strands do not differ significantly in their codon usage. As a result of using more G/C-ending codons, CO genes have a decreased codon usage bias that is generally toward A/T-ending codons.
In nuclear genomes, codon bias is greater in more highly expressed genes (reviewed by Akashi 2001) . CO gene transcripts are four times more abundant than ND gene transcripts in D. melanogaster mitochondria (Berthier et al. 1986 ). If there is weak selection for the perfect match codon to increase translational accuracy and/or efficiency, we predict that this pressure would be stronger on CO than ND genes. In contrast to the nuclear genome where weak selection for codon preference leads to increased codon usage bias, weak selection for codon-anticodon matching in the A?T-rich Drosophila mtDNA is manifested as a lower codon usage bias. A similar mutation-selection balance may also exist in the A?T-rich Plasmodium falciparum nuclear genome, where more highly expressed genes more often use G/C-ending codons, decreasing a codon usage bias that is generally toward A/T-ending codons (Musto et al. 1999) .
Evolution at synonymous sites in mtDNA is a complex balance of mutation bias and weak selection on codon usage that is modulated by the coding strand and the functional gene in which the codon resides. We also find that this mutation-selection balance at silent sites in the mitochondrial proteome has diverged across the Drosophila phylogeny, with higher codon usage bias in the Sophophora than in the Drosophila subgenus species (Supplemental Table 2 Iyer and M. B. Eisen, personal communication) reveals that the mtDNA has 2.75 times the rate of synonymous change as the nuclear genome, yet only 0.37 times the rate of nonsynonymous change, consistent with patterns in mammalian mtDNA (Saccone et al. 2000) . The overall pattern of rapid change at silent sites and near stasis at second codon positions indicates that negative selection on the Drosophila mtDNA maintains critical protein function in the face of a high mutation pressure. Yet, evolutionary rate heterogeneity across the Drosophila mitochondrial proteome indicates that the selective effects of mutations arising in the mitochondrial genome are clearly OXPHOS complex-dependent, with ND accumulating many more substitutions than CO. Genes encoding subunits of ND also evolve more rapidly than those of CO in mammals , invertebrates (Ballard 2000; Breton et al. 2006 ) and fish (Doiron et al. 2002) .
The scope for neutral mutations to become substitutions depends upon the degree of functional constraint for each complex. If functional constraint varies between OXPHOS complexes, then we might expect to see differences between ND and CO genes in the proportion of neutral nonsynonymous substitutions or in the number of slightly deleterious polymorphisms that can be tolerated. Our analysis of polymorphism data compiled by Bazin et al. (2006) reveals that across insect taxa ND genes have greater levels of segregating non-synonymous variation than do CO genes (median ND p N = 0.0037, CO p N = 0.0014, Mann-Whitney P \ 0.0001; median ND p N / p S = 0.0598, CO p N /p S = 0.035, Mann-Whitney P = 0.002), supporting the hypothesis that replacement mutations generally have milder negative fitness consequences in ND than in CO genes.
While linkage does not affect the substitution rate of selectively neutral mutations, linkage does increase the rate of fixation of slightly deleterious mutations via Hill-Robertson effects (Hill and Robertson 1966; Felsenstein 1974; Birky and Walsh 1988) . Either positive or negative selection operating on sites in the mtDNA will increase the variance in offspring produced by individuals in the population, decreasing the effective population size and increasing the effects of drift at linked sites segregating deleterious mutations (e.g. Charlesworth et al. 1993; Gillespie 2000) . The increased non-synonymous substitution rate of ND relative to CO genes may then be due to the effects of strong linkage between selected sites across the molecule and an increased number of segregating slightly deleterious variants at ND relative to CO genes. The low absolute values of d N /d S indicate that negative selection is rampant in the mtDNA, but the observations of Bazin et al. (2006) suggest that taxa with large populations sizes, such as Drosophila, may also experience repeated bouts of positive selection. In this evolutionary scenario, the fixation rates for slightly deleterious variants in the mtDNA are likely dictated by selection at linked sites, increasing the number of slightly deleterious substitutions over what would be expected in a recombining genome.
Untangling the web of evolutionary forces acting on mtDNA requires understanding the distribution of functional and selective effects of mitochondrial mutations and how this differs across OXPHOS complexes. Amino acid substitutions in CO genes do have functional effects, particularly when combined with divergent nuclear backgrounds. CO is highly divergent between populations of the intertidal copepod Tigriopus californicus and this molecular divergence is manifested as a disruption in CO activity in mitochondrial introgressions between populations (Edmands and Burton 1999). Only a handful of amino acid substitutions have accumulated in CO genes between D. simulans and D. mauritiana mitochondrial haplotypes (Ballard 2000) . Nevertheless, CO activity differs between mitochondrial haplotypes in D. simulans (Ballard et al. 2007 ) and is disrupted in mitochondrial introgressions between D. simulans and D. mauritiana (Sackton et al. 2003) .
Less is known about the functional consequences of amino acid divergence in ND. The mtDNAs of the Brook and Arctic charr differ by 45 amino acids in ND and only a single amino acid in CO (Doiron et al. 2002 ). Yet, ND activity has not diverged between species, nor is it disrupted in hybrids ). Clary and Wolstenholme (1985) observed that D. yakuba and mouse ND6 have identical hydrophobicity profiles despite the accumulation of many amino acid differences. The effect of substitutions in ND6 appears neutral with respect to the maintenance of an overall hydrophobicity profile for ND6 across the Drosophila mitochondrial phylogeny (Fig. 8a) . However, correlations between the hydrophobicity profiles of D. melanogaster and each of the 11 other species were lower for ND6 than for COI ( Fig. 8 ; paired t 10 = 5.01, P = 0.0005), indicating that the greater amino acid divergence in ND6 relative to COI does result in greater divergence in hydrophobicity for ND6 than COI. It remains to be determined whether this change in hydrophobicity causes functional divergence in ND activity with corresponding effects on fitness.
Scope for Positive Selection in the Mitochondrial Genome Ballard (2000) identified three blocks in the mtDNA, all containing at least one ND gene, that were evolving inconsistently with the remainder of the genome along particular lineages of the melanogaster subgroup. This suggests that lineage-specific selection on a subset of genes contributes to the uncoupling of evolutionary rates across the mtDNA. Across the Drosophila mitochondrial genomes we find evidence for lineage-specific rates of evolution for both CO and ND genes. The lineage-specific rates do not indicate that any one species is evolving more quickly across the entire mitochondrial proteome, as would result from demographic effects or changes in mitochondrial mutation rate along a lineage. Rather, the selective effects of mitochondrial mutations differ not simply between complexes, but they do so in a lineage-specific manner. Evolutionary rates of ND and CO genes are accelerated along the D. mojavensis and D. persimilis mitochondrial lineages, respectively, and may reflect positive selection to maintain metabolic function in a dramatically different environment or in the face of repeated introgressions among sympatric species. Aerobic metabolism is a phenotype under strong stabilizing selection, yet the physiologies underlying metabolism must still evolve to maintain function in light of shifts in ecology, behavior and life history.
D. mojavensis is a xeric, cactophilic Drosophila. The sequenced strain inhabits the prickly pear Opuntia on Santa Catalina Island off the Southern California coast, and mitochondrial population genetic data suggest that this population has been small and isolated from its mainland counterparts for some time (Reed et al. 2007 ). D. mojavensis has accumulated the greatest amount of amino acid divergence in ND, resulting in decreased hydrophobicity in a hydrophilic region of ND6 (Figs. 5, 7, and 8) . Whether these changes in ND may be advantageous for desert Drosophila like D. mojavensis or whether they have accumulated as a result of its small population size warrants further investigation. CO is evolving rapidly along the D. persimilis lineage (Fig. 5) . Disruption of CO activity in mitochondrial introgressions between closely related Drosophila species suggests that mito-nuclear epistases accumulate in CO genes (Sackton et al. 2003) , and population studies competing D. persimilis and D. pseudoobscura mitochondrial haplotypes indicate that there are fitness consequences of these intergenomic epistases (Hutter and Rand 1995) . D. pseudoobscura and D. persimilis hybridize in nature (Powell 1983; Machado and Hey 2003) , and one hypothesis is that repeated introgressions of mtDNA where these species are sympatric drives more rapid evolution of CO genes along the pseudoobscura-persimilis lineage.
There is also scope for positive selection to maintain tRNA structure in the Drosophila mtDNA. Nearly 20% of paired changes inferred at Watson-Crick pairs in tRNA stems likely traversed a state of decreased fitness, providing a selective pressure to fix compensatory mutations. It has been argued both that there is extensive positive selection for compensatory mutations in animal mitochondrial tRNAs (Kern and Kondrashov 2004) and that this process is overwhelmed by the accumulation of deleterious mutations via Muller's ratchet (Lynch 1996) . Our estimate of 19% is consistent with Kern and Kondrashov's (2004) estimate that 10-50% of the substitutions in tRNAs along mammalian lineages are compensatory. The majority of paired changes inferred on single branches of the Drosophila phylogeny could have proceeded via a G-U transition state. If the deleterious effects of this intermediate on fitness are small, this may increase the chance that a beneficial mutation arises on the same mitochondrial haplotype (Innan and Stephan 2001) making these pairs more likely to be observed than those changes that must traverse a trough of low fitness. However, 10% of the inferred changes on the Drosophila phylogeny do disrupt WatsonCrick pairing and are presumably deleterious variants that have not been removed by selection or restored by compensatory substitutions.
Conclusion
Analysis of 12 mitochondrial genomes across the welldefined Drosophila phylogeny provides evidence for both positive and negative selection shaping this genome. Positive and negative selection in the absence of recombination should strongly influence mitochondrial evolution via HillRobertson effects (Hill and Robertson 1966) , and a subset of changes on the Drosophila phylogeny are likely to be those deleterious mutations that have fixed via linkage to selected sites in the genome (Birky and Walsh 1988; Charlesworth et al. 1993; Gillespie 2000) . Other non-neutral substitutions may be accumulating along Drosophila mitochondrial lineages due to linkage with a cytoplasm that may harbor CI-inducing strains of Wolbachia (Hoffmann and Turelli 1997; Shoemaker et al. 2004) . Understanding this balance of forces will require empirical study of the population dynamics of mtDNA haplotypes (e.g. levels of heteroplasmy, paternal mtDNA leakage and mitochondrial N e ), the distribution of functional and selective effects of mitochondrial mutations and the interaction of these mutations with the nuclear genetic variants that they encounter in nature. The 12 Drosophila mitochondrial genomes are embedded in a well-resolved phylogeny with complete nuclear genome sequence, and disruption of the mitochondrial-nuclear relationship in Drosophila is possible in the lab and occurs in natural populations (Machado and Hey 2003; Sackton et al. 2003; Bachtrog et al. 2006; Ballard et al. 2007) . Drosophila are thus uniquely poised to investigate the population genetic parameters that are critical for models describing the fixation of beneficial and deleterious mutations via linkage, the maintenance of mitochondrial variation through mitochondrial-nuclear interactions (Rand et al. 2001 ) and the dynamics that lead both to the ratcheting of the mitochondria toward and the rescuing of the mitochondria from evolutionary decay (Bergstrom and Pritchard 1998) .
